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Deregulated IL-12 and IL-23 production from activated mye-
loid lineage cells is a key driver of numerous T cell-dependent
autoimmune and inflammatory diseases. IL-12 and IL-23 share
a common p40 subunit encoded by Il12b, which is negatively
regulated at the transcriptional level by theSTAT3 (signal trans-
ducer and activator of transcription 3)-activating anti-inflam-
matory cytokine IL-10.We found that IL-10 targets an enhancer
10 kb upstreamof the Il12b transcriptional start site.Within the
enhancer, a single 10-bp site is required for the inhibitory effects
of IL-10 and is bound by NFIL3 (nuclear factor, interleukin
3-regulated), a B-ZIP transcription factor. Myeloid cells lacking
NFIL3 produce excessive IL-12p40 and increased IL-12p70.
Thus, the STAT3-dependent expression of NFIL3 is a key com-
ponent of a negative feedback pathway inmyeloid cells that sup-
presses proinflammatory responses.

IL-12 and IL-23 are heterodimeric cytokines composed of
the p40-p35 and p40-p19 subunits, respectively, and are pro-
duced primarily by macrophages and dendritic cells activated
by diverse inflammatory stimuli (1, 2). IL-12 is decisive in reg-
ulating lineage commitment to Th1 cell development, whereas
IL-23 is essential for the maturation and stability of IL-17-pro-
ducing Th17 cells (3). The IL-23 p19 subunit also has proin-
flammatory and protumorigenic effects that extend beyond the
effects of IL-23 on Th17 lineages and IL-17 (4–7). Polymor-
phisms in multiple genes involved in IL-12 and IL-23 produc-
tion and signaling have been discovered by genome-wide asso-
ciation studies for Crohn’s disease, ulcerative colitis, psoriatic
arthritis, psoriasis, and Behcet’s disease, including IL12B
(encoding p40), IL23R (encoding the IL-23 receptor), and
STAT4 and STAT3 (encoding key signaling components down-

stream of the IL-12 and IL-23 receptors) (8–11). Consistent
with these genetic studies, excessive Th1 responses are impli-
cated inmultiple forms of intestinal ailments (12, 13) coupled to
specific pathogenic effects of IL-12 and IL-23 in mouse models
of inflammatory bowel disease (4, 14–18). Because of the link
between IL-12p40 and inflammatory diseases, several efforts to
target p40 using humanized antibodies have undergone clinical
trials in Crohn’s disease, whereas IL-12- and IL-23-specific
neutralization strategies are in development for inflammatory
disorders (19, 20), and one, ustekinumab (Stelara), is approved
for psoriasis therapy.
Production of IL-12 and IL-23 is regulated at several levels.

First, the common IL-12p40 subunit is transcriptionally regu-
lated by inflammatory stimuli and often produced in excess to
the mature IL-12 and IL-23 cytokines. Furthermore, p40 sub-
units can homodimerize, although the precise biological effects
of these homodimers remain unclear (21). Second, the p35 and
p19 subunits are themselves subject to transcriptional regula-
tion. For example, p19 (encodedby Il23a) is strongly induced by
yeast cell wall particles, whereas p35 is induced by Toll-like
receptor 4 (TLR4)2 and TLR9 agonists. The final formation of
IL-12 and IL-23 is dependent in part on the relative ability of the
p40-p35 and p40-p19 heterodimers to form complexes in the
endoplasmic reticulum and then be secreted.
A key step in IL-12 and IL-23 regulation is the transcriptional

repression of IL-12p40 production by IL-10. By inhibiting the out-
put of IL-12 and IL-23, IL-10 restricts the amounts of cytokine
available to regulate Th1 and Th17 development and stability in
immune microenvironments (22). Extensive in vivo evidence has
shown that IL-10 signaling to suppress IL-12p40 is an essential
mechanism to maintain inflammatory homeostasis (23–26). The
underlying mechanism of IL-10-mediated p40 inhibition is thus
likely to illuminate multiple components of immune regulation.
IL-10 targets Il12b transcription through a mechanism that
requires STAT3-dependent production of new proteins (27–29).
Surprisingly, however, IL-10 does not appear to target the pro-
moter of Il12b, where NF-�B family members, including c-Rel,
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bind following TLR signaling (28, 29). Here we identify a mecha-
nism that IL-10 uses to suppress IL-12p40 transcription.

EXPERIMENTAL PROCEDURES

Mice—C57BL/6 and Il10�/� mice were obtained from The
Jackson Laboratory (Bar Harbor, ME). Nfil3�/� mice on a
C57BL/6 background (30)were a gift of TakMak, JillianHaight,
and Thomas Look. Cebpb�/� mice (31) were on a C57BL/6:
129Sv F1 background, and Cebpd�/� mice (32) were on a
C57BL/6 background. All mice were used in accordance with
the St. Jude Children’s Research Hospital Institutional Animal
Care and Use Committee.
Luciferase Reporter Constructs and Macrophage Trans-

fections—The �-globin insulated vector containing the basal
Il12b promoter driving GFP expression (33) was modified to
insert luciferase and Il12b enhancer fragments as follows: The
luc2 gene from pGL4.10 (Promega) was isolated with NheI and
ClaI and cloned into the same sites in the Il12b-GFP reporter to
replace GFP. The Il12b enhancer and promoters were isolated
by PCR fromC57BL/6 genomic DNAwithNotI andMluI ends,
orMluI and NotI ends, respectively. These two fragments were
digested with the appropriate enzymes and cloned 5� to luc2.
Enhancer fragments of various lengths were cloned into the
reporter vector using the same strategy. Luciferase reporter sta-
ble lines were derived by transfecting RAW264.7 macrophages
as described (34). Cells were selected with G418 and expanded.
To assay luciferase reporter lines, cells were plated in 12-well
plates at 2� 106 cells/well and stimulatedwith LPS (100 ng/ml)
or LPS plus IL-10 (10 ng/ml) for 2, 4, or 8 h followed by lysis and
standard luciferase assays. In some experiments, luciferase
reporter constructs were used in transient assays as described
(34).
PrimaryMacrophage and Dendritic Cell Isolation—BMDMs

were isolated as described (35). PDMs were isolated following
intraperitoneal injection of thioglycollate as described (36, 37).
Gut and spleen CD11b� cells were isolated by magnetic bead
purification (Miltenyi Biotec). CD11c� DCs2 were isolated by
magnetic bead purification fromGM-CSF cultures as described
(38).
Quantitative RT-PCR—qRT-PCR was performed as de-

scribed previously (39). Sequences for all oligonucleotide prim-
ers and TaqMan probes are available from P. J. M. on request.
Immunoblotting—Immunoblotting for NFIL3 was per-

formed using polyclonal anti-NFIL3 antibodies (C-18, goat
polyclonal, Santa Cruz Biotechnology, Inc., catalog no. sc-9550
or V-19, goat polyclonal Santa Cruz Biotechnology, Inc., cata-
log no. 9549) used at a 1:1000 dilution.
In Vitro Transcription/Translation (IVTT) andDNABinding

Assays—To produce NFIL3, we used the TNT quick coupled
transcription/translation system (Promega, L1170). 1 �g of
murine NFIL3 cDNA in pcDNA3.1 was used as the template in
each reaction. In some experiments, cDNAs encoding C/EBP�
and arginase-1 were used under the same conditions. From the
final 50�l of IVTTproduct, we used 6�l inDNAbinding assays
as described previously (34). Briefly, IVTT reactions were
blocked with 2 �g of poly(dI-dC) on ice for 20 min, followed by
binding to 32P-labeled and annealed primers at RT for 30 min.

Mass Spectrometry—We prepared nuclear extracts from 5 �
106 IL-10-deficient BMDMs stimulated with media, LPS, or
LPS plus IL-10 for 2 h in two independent experiments. From
the nuclear extract, 450 �g of protein was used per sample and
resolved on SDS-PAGE gels followed by Sypro Ruby staining.
Ten consecutive gel slices were prepared from �10 kDa to
�100 kDa. Proteins were eluted from each slice and subjected
to LC/MS analysis.
LPS Challenge and Toxoplasma Infections—LPS challenges

were performed as described using Escherichia coli LPS (40).
Mice were weighed prior to injection followed by intraperito-
neal administration of LPS on amg/kg basis.Micewere infected
intraperitoneally with Toxoplasma gondii N28E2 cysts grown
in human foreskin fibroblasts (40, 41). Mice were bled on day 3
post-infection and bled terminally on day 7.
Statistics—Statistics were determined by unpaired, two-

tailed Student’s t test and are noted by *, **, and *** for p val-
ues � 0.05, � 0.01, and � 0.001, respectively.

RESULTS

IL-10 Targets an Enhancer �10 kb Upstream of the Il12b
Promoter—Because IL-10 potently suppresses Il12b transcrip-
tion but does not target the proximal promoter (29), we sus-
pected that IL-10 negatively controlled a distal site upstream or
downstream of the Il12b promoter.We focused on a conserved
enhancer�10 kb upstreamof the Il12b start site that is targeted
by TLR signaling to increase Il12b transcription in response to
LPS (33). We made luciferase reporter constructs that fused
the Il12b promoter to the upstream enhancer (Fig. 1A). Each
reporter construct was flanked by tandem insulator elements
derived from the �-globin gene to reduce the effects of sur-
rounding chromatin in stable transfection assays (33) and to
potentially allow the reporter constructs to adopt amore native
chromatin structure (Fig. 1A, INS).We transfected each linear-
ized construct into RAW264.7 cells and selected for resistance
to G418. We next used each cell line in reporter assays using
stimulation with LPS or LPS plus IL-10 over time. Although
IL-10 did not inhibit the Il12b promoter as anticipated on the
basis of experiments byTrinchieri and colleagues (29), suppres-
sion of luciferase activity was observed when the enhancer was
linked to the promoter in the EnPr1 and EnPr2 constructs (Fig.
1, B–E). The enhancer was required for full inducibility to LPS
as reported previously (compare Fig. 1, B and C) (33). Using
deletion mutants and site-directed mutagenesis, we narrowed
the IL-10 target sequence to a region bounded within 294 bp
and 309 bp in the enhancer (Fig. 1, D and E, and supplemental
Fig. S1). To further define the IL-10-responsive region in the
enhancer, we made a series of contiguous 10-bp deletion
mutants in the�100-bp region in the EnPr2 construct that was
responsive to IL-10 inhibition. We found that both LPS-induc-
ible enhancer activity and IL-10-mediated inhibition was
ablated in twomutants (h and i) close to the boundary of EnPr2
and EnPr3 (supplemental Fig. S1). Given that the enhancer is
required for full LPS inducibility of Il12b, the clearest interpre-
tation of these data is that the 20-bp region defined by the
mutants h and i is required to integrate multiple positive and
negative signals that mediate normal Il12b transcriptional reg-
ulation. On the basis of the boundaries of the inhibitory effects
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of IL-10 on Il12b reporter activity, we concluded that the key
IL-10 target site contains an evolutionarily conserved sequence
(Fig. 1F).
Analysis of IL-10-induced Transcription Factors Narrows the

Field to NFIL3—The anti-inflammatory effects of IL-10 require
STAT3-mediated expression of factors that target inflamma-
tory gene transcription (26, 27, 42, 43). To search for transcrip-
tion factors that could be involved in the suppression of Il12b
transcription, we used qRT-PCR to measure the expression
of transcription factor mRNAs induced by IL-10 in the pres-
ence of an inflammatory costimulus. Using existing microarray
screens as a starting point, we focused on C/EBP�, C/EBP�,
NFIL3, and Batf (all B-ZIP family members); I�BNS and Bcl-3
(I�B family members); Etv3 (an ETS family repressor); and
Sbno2 (a large IL-10-induced helicase) as potential candidates
(39, 44). Our results from primary bone marrow-derived
macrophages (BMDMs), peritoneal-derived inflammatory
macrophages (PDMs) indicated that each transcription factor
mRNA was induced to some extent by IL-10 in the presence of
LPS with the exception of I�BNS (Fig. 2A). However, the kinet-
ics and degree of gene expression varied widely between each

candidate. Furthermore, LPS alone induced the expression of
some transcription factormRNAswith slower kinetics that LPS
plus IL-10 (e.g. Fig. 2A, NFIL3 and Bcl-3). We attribute the
LPS-mediated expression of each mRNA predominantly to
aurocrine-paracrine IL-10 production following LPS stimula-
tion, although other secreted factors such as IL-6 could also
potentially contribute to the delayed expression kinetics of each
mRNA (37, 39). To test this idea directly, we isolated BMDMs
from control or Stat3flox/flox;Tie2-cre mice that have a �95%
deletion of STAT3 in primary macrophages. We stimulated
each population with LPS and measured NFIL3 mRNA over
time. As shown in Fig. 2C, the expression of NFIL3 was ablated
in the absence of STAT3. Because LPS does not signal directly
through STAT3, the LPS-mediated induction of NFIL3
observed in Fig. 2, A–C is mediated by the production of auto-
crine-paracrine factors that signal through STAT3.
We also measured the expression of each candidate tran-

scription factor in freshly isolated CD11b� myeloid cells
purified from the gut and spleen of wild-type mice. We
observed that NFIL3, Batf, Etv3 and Sbno2 all had higher
relative expression in the gut relative to the spleen (Fig. 2, B

FIGURE 1. IL-10 restricts Il12b transcription by a mechanism that targets an enhancer. A, fusion constructs between the enhancer (depicted as hyper-
sensitive site, HSS) and the Il12b promoter. Each construct was flanked by duplicated �-globin insulators (INS). Four basic constructs (EnPr1, 2, 3, and Pr1) are
shown. B–E, luciferase reporter activity in stably transfected RAW264.7 macrophages are shown following stimulation with LPS or LPS plus IL-10 for the times
indicated. Note that the activity of the basal Pr1 reporter is �5-fold less that when the enhancer is attached. Data are presented as mean relative luciferase units
(RLU) plus the S.D. and are representative of 10 experiments using stable transfections and five experiments using transient transfections. F, sequence
conservation between species around the region of minimal IL-10 responsiveness within the Il12b enhancer (yellow).
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and C). Because gut macrophages are continuously exposed
to IL-10, these data indicate that a subset of transcription
factors are constitutively expressed in myeloid populations
naturally exposed to IL-10.
To further narrow the field to transcription factors linked

with the Il12b enhancer, we used a 37-bp biotinylated oligonu-
cleotide probe spanning the IL-10 target sequence of Il12b to
isolate nuclear proteins bound after 1 h of stimulationwith LPS,
or LPS plus IL-10, when IL-10 anti-inflammatory effects on
Il12b transcription becomes measurable (27). Using qualitative
mass spectrometry analysis, we compared peptide sequences
between the two stimulation conditions and found that two
B-ZIP proteins, NFIL3 and C/EBP�, were enriched following
LPS plus IL-10 stimulation relative to LPS stimulation alone
(supplemental Table S1). NFIL3 and/or C/EBP� may therefore
contribute to the IL-10-mediated suppression of Il12b
transcription.
We first, however, tested whether the related C/EBP family

member C/EBP�, previously shown to bind to the Il12b
enhancer (33) and partially induced by IL-10 in PDMs (Fig. 2B),
was responsible for the inhibitory effects of IL-10 on Il12b tran-
scription. Using BMDMs from Cebpb�/� mice, we observed
that the inhibitory effects of IL-10 on IL-12p40 production was
intact, ruling out a direct role for this B-ZIP member in Il12b-
negative regulation (supplemental Fig. S2A). We also tested
whether C/EBP� was required for regulating p40 expression in
response to IL-10. Similar to our findings with Cebpb�/�

macrophages, C/EBP� did not have an essential role in IL-10-
mediated inhibition of IL-12p40 transcription (supplemental
Fig. S2B). At this stage it remains to be established whether
C/EBP� and C/EBP� could have a redundant inhibitory role in
the effects of IL-10 on Il12b expression, as it is plausible that
multiple B-ZIP proteins could compete for the same sites in the
enhancer.
We next examined the sequences around mutations h and i

in the Il12b enhancer more closely and found a putative NFIL3
consensus binding site (45) within the IL-10 target sequence.
Using IVTT-generated NFIL3 coupled with mutagenesis of the
IL-10 target sequence,we foundthat the10-bpsequenceATGAT-
GTAAGwas specifically boundbyNFIL3 but not byC/EBP� (Fig.
3, A–C, and supplemental Fig. S3A). Furthermore, mutants in
either the DNA binding or leucine zipper dimerization domains
reducedbinding (supplementalFig. S3B).Collectively, thesebioin-
formatic, expression profiling, and biochemical data suggested
that NFIL3 was involved in the signaling network activated by
IL-10 to block IL-12p40 production.
NFIL3 Is Sufficient to Block Il12b Transcription—We next

attempted to overexpress NFIL3 in primary macrophages by
transducing bonemarrow stem cells with a retrovirus encoding
NFIL3. Although we were able to establish retroviral producer
lines that expressed NFIL3 (Fig. 4A), we observed that macro-
phages grown in (colony-stimulating factor-1) following stem
cell transduction lost YFP expression and did not express
NFIL3 mRNA or protein. These results were consistent with

FIGURE 2. NFIL3 mRNA and protein levels are regulated by IL-10 signaling. A and B, BMDMs (A) and PDMs (B) from C57BL/6 mice (n � 4) were stimulated
with LPS or LPS plus IL-10 over time. RNA was collected and analyzed by qRT-PCR for the indicated targets, and the data are presented as the mean 	 S.E.
C, BMDMs from Stat3�/�;Tie2-cre (WT, n � 2) or Stat3flox/flox;Tie2-cre (n � 2) were stimulated with LPS over time, and NFIL3 mRNA amounts were detected by
qRT-PCR. Data are presented as the mean NFIL3 expression relative to GAPDH expression plus the S.D. D, Gut lamina propria and splenic CD11b� cells were
collected. RNA was analyzed by qRT-PCR for the indicated targets, and the data are presented as the mean plus the S.D.
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immunoblotting experiments in primary macrophages, which
showed that NFIL3 is a relatively low abundance protein whose
induced expression declines after 8 h of LPS plus IL-10 stimu-
lation (Fig. 4, B and C). Collectively, we concluded that NFIL3
amounts in macrophages are tightly regulated and that consti-
tutive overexpression may be toxic. We therefore turned to the
RAW264.7 macrophage cell line, reasoning that this immor-
talized line may be permissive to enforced NFIL3 expression.
Using transient overexpression, we determined that NFIL3
suppressed the activity of the EnPr2 reporter and suppressed
the LPS-induced IL-12p40 mRNA production in a dose-de-
pendent way (Fig. 4, D and E). NFIL3 is therefore capable of
blocking Il12b transcription.
Macrophages Lacking NFIL3 Overproduce IL-12p40—

NFIL3-deficient mice have recently been independently gener-

ated by four groups and were shown to have deficiencies in NK
(natural killer) cells and IgE production (30, 46–48). We iso-
lated BMDMs and PDMs from Nfil3�/� mice and stimulated
these cells with LPS. We found that Nfil3�/� macrophages
overproduced IL-12p40 mRNA and secreted excess IL-12p40
protein relative to control macrophages (Fig. 5A and B). Fur-
thermore, the ability of IL-10 to suppress IL-12p40 in the
absence of NFIL3 was reduced but not completely ablated, sug-
gesting that NFIL3 is a component of the IL-10 anti-inflamma-
tory mechanism. It is important to mention that in this exper-
imental scenario the effects of IL-10 are never complete
because the added IL-10 is consumed from the media over the
assay time. In our experiments on primarymacrophages, we did
not observe substantial differences in IL-6 (Fig. 5, A and B),
IL-10, or IL-1� (data not shown) amounts in Nfil3�/� macro-

FIGURE 3. A NFIL3 binding site is identified in the enhancer region of Il12b. A, sequence of the consensus NFIL3 binding site. B and C, binding of NFIL3 to
the enhancer. B, the sequence of gel-shift oligonucleotides used is shown, with each sequential 5- or 6-bp mutation (Mutants A–G). C, IVTT NFIL3 was generated
and bound to 32P-labeled oligonucleotide probes and then complexes were resolved by electrophoresis. Binding data are representative of three experiments.

FIGURE 4. Overexpression of NFIL3 inhibits Il12b transcription. A, specificity of anti-NFIL3 antibodies. NFIL3 retroviral producer cell lines were analyzed by
immunoblot with two anti-NFIL3 antibodies, V-19 and C-18. Empty vector YFP� lines were used as a negative control, and NFIL3 IVTT was used as a positive
control. The asterisk denotes a nonspecific band used as a loading control. B and C, BMDMs from Il10�/� (B) and C57BL/6 (C) mice were stimulated with LPS with
or without IL-10. Protein lysates were immunoblotted for NFIL3 or Grb2 as a loading control. D, RAW264.7 macrophages were transiently cotransfected with 0.2
�g, 1 �g, or 5 �g of NFIL3/pcDNA3.1 and 5 �g of the EnPr2 luciferase reporter. Cells were stimulated in duplicate with LPS, and luciferase activity was measured
at the times indicated. Data are presented as the mean relative luciferase units (RLU) plus the S.D. and are representative of two experiments. E, RAW264.7
macrophages were transiently transfected with 2 �g of NFIL3/pcDNA3.1, stimulated with LPS or LPS plus IL-10 in triplicate for the indicated times, and then
IL-12p40 mRNA was detected by qRT-PCR. Data are presented as the mean IL-12p40 expression relative to GAPDH expression plus the S.D. Data are repre-
sentative of two experiments.
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phages relative to controls, indicating that the inhibitory effect
of NFIL3 was specific to IL-12p40. We also performed experi-
ments to test if IL-12 and IL-23 were also increased in the
absence of NFIL3. We reasoned that the observed increases in
p40 could translate to elevated IL-12 and/or IL-23. We used
CD11c� in vitro-generated DCs stimulated with LPS or curd-
lan, a potent inducer of IL-23p19, to test this hypothesis. We
found that in NFIL3-deficient CD11c� DCs, LPS and curdlan
stimulation caused an increase in IL-12p40 and IL-12p70 secre-
tion relative to controls (Fig. 5, C and D). Under these condi-
tions, however, increased IL-23 was not observed in theNFIL3-
deficient DCs, even though Il23a transcription was induced by
curdlan (Fig. 5E), suggesting the possibility that NFIL3 has a
more complex role in regulating the IL-12 and IL-23 balance
than stochastic inhibition of the quantity of p40 available to
bind p35 and p19.
Because Nfil3�/� macrophages produced increased IL-12p40,

we next extended our investigation to in vivomodels of systemic
inflammation linked to IL-12 production. First, we challenged
Nfil3�/� mice or controls with a sublethal dose of E. coli LPS (20
mg/kg). In independent experiments, we observed that Nfil3�/�

mice were sensitive to LPS, and most mice died within 18 h,
whereas the majority of control animals recovered from the tran-

sient systemic shock. Furthermore, the absence ofNFIL3 caused a
significant increase incirculating IL-12p40,without increased IL-6
(Fig. 6A). We also used T. gondii infection as a probe for in vivo
IL-12 production because this protozoan parasite is one of the
strongest known inducers of IL-12 (49), and the source of IL-12
in this infection is exclusively from myeloid lineages (50). We
infectedNfil3�/� ormatched littermate controlmicewith 1000
cysts of the attenuated type II T. gondii strain, N28E2 (41), by
the intraperitoneal route. We found that infected Nfil3�/�

mice became lethargic and lost weight, and they were sacrificed
after 7 days. We tested systemic cytokine production in the
infected animals and found a significant increase in IL-12p40
amounts and a trend to increased IFN-� in the blood of the
Nfil3�/� mice (Fig. 5B). Because NK cells are absent in the
NFIL3-deficient mice (30, 46), it is important to note that these
experiments do not necessarily indicate that the increase in
IL-12p40 alone is the cause of disease in these mice. Further
experiments with conditional Nfil3 knockout mice will be nec-
essary to establish the cell-specific contributions of NFIL3 to
the overall immune response to T. gondii. Collectively, how-
ever, our in vivo data, when combined with the in vitro stimu-
lation experiments, argue that NFIL3 is one essential control
point in IL-12 production.

FIGURE 5. NFIL3 is required for inhibition of IL-12p40. A, BMDMs and PDMs from Nfil3�/� mice or littermate WT controls (n � 3) were stimulated with LPS,
and RNA was analyzed by qRT-PCR for expression of IL-12p40 and IL-6. Data are presented as the individual mRNA levels, including the means, normalized to
GAPDH. B, supernatants from cells stimulated for 8 h with LPS (L) and with LPS plus IL-10 (L � 10) were analyzed for secreted IL-12p40 by ELISA. Data are
presented as the individual protein levels (solid lines depict the respective means). C and D) CD11c� DCs from Nfil3�/� and littermate WT controls (n � 3) were
stimulated with LPS (C) or curdlan (Cur.) (D) with and without IL-10 for 24 h. Secreted IL-12p40, IL-12p70, and IL-23 amounts were determined by ELISA. E, DCs
from above were stimulated for 4 h with LPS or curdlan alone or plus IL-10, and qRT-PCR was used to measure IL-12p40 and IL-23p19 transcripts. Data from C–E
are presented as the mean protein levels or mRNA levels normalized to GAPDH plus the S.E. All data are representative of at least two experiments unless
otherwise noted. *, **, and *** represent significance, where p � 0.05, � 0.01, and � 0.001, respectively, by Student’s t test.
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DISCUSSION

The underlying mechanisms involved in the IL-10-mediated
anti-inflammatory effect have been sought since the discovery
of IL-10 in 1991. Herein we established that the IL-10 pathway
activates the expression of the B-ZIP protein NFIL3, which is
required to inhibit transcription of the gene encoding IL-12p40.
We found that NFIL3 targets a distal enhancer in Il12b previ-
ously shown to be essential for the TLR-mediated expression of
IL-12p40. Our data suggest that NFIL3 is one component of a
complexmechanism elicited by IL-10 to suppress cytokine pro-
duction. Although we found that NFIL3 is necessary for the full
suppressive effects of IL-10 on IL-12p40, IL-10 can partially
inhibit IL-12p40 production inNfil3�/�macrophages, suggest-
ing that additionalmechanisms intersectwithNFIL3 for the full
inhibitory effect.
Anti-inflammatory signal transduction from the IL-10R

requires the STAT3-mediated expression of downstream tar-
get genes and their products (27, 39, 51). Abundant evidence
frombothmurine andhuman systemshas shown that STAT3 is
necessary and sufficient for all the known anti-inflammatory
effects of IL-10 on myeloid lineage cells (35, 39, 52). Further-
more, the anti-inflammatory signaling system operates inde-
pendent of direct inhibitory effects on the NF-�B or the MAP
kinase pathways (27, 42). Instead, STAT3 induces the expres-
sion of a specific group of genes, includingNfil3, whose protein
products interfere with the transcriptional programs of key
proinflammatory cytokines (39). These data raise a quandary
because other cytokines activate STAT3 in macrophages (e.g.
IL-6) but cannot activate the anti-inflammatory effect. Inhibi-
tion of anti-inflammatory signaling from the IL-6R is relieved
when SOCS3 is absent, suggesting that mechanisms exist to

actively suppress the IL-10-like STAT3 signal from non-IL-10
STAT3-activating receptors (22, 53). Indeed, we have shown
that it is possible to convert any cytokine receptor into an
IL-10-like receptor by ensuring STAT3 activation but in the
absence of SOCS3-mediated inhibition (35). We interpret
these data to suggest that the signal from the IL-10R needs to be
activated by this receptor alone, whereas activation of the same
pathway by other receptors is blocked. How does the IL-10R
control inflammatory gene expression? It is important to men-
tion that the anti-inflammatory effects of IL-10 are gene-spe-
cific and not directed at all primary and secondary genes
induced by TLR signaling (39). Instead, IL-10 targets specific
genes, including primary genes such as Tnf and Cxcl1, and
numerous secondary genes, including Il6 and Il12b. Other
canonical TLR-induced genes such as Ikba orTnfaip3 are unaf-
fected by IL-10 in both mouse and human primary macro-
phages (39, 42). The net result of this inhibitory pathway is
immune homeostasis at the level of myeloid cells, as loss of
normal IL-10 function in bothmice and humans leads to exces-
sive inflammation.
How the downstream target genes of STAT3 mediate

gene-specific effects on inflammatory genes remain largely
unknown. Usingmicroarray approaches that involved restimu-
lation of IL-10-deficient macrophages in the presence of LPS,
we have determined the identity of many of the IL-10-induced
genes (35, 39, 42, 44). Because the primary target of the effects
of IL-10 is gene transcription (27), we have focused on IL-10-
induced genes implicated in transcriptional regulation (Fig. 2).
Four of the IL-10-induced transcription factors are B-ZIP tran-
scription factors that can homo- and heterodimerize, depend-
ing on the specific factor. In the present study, C/EBP� and
C/EBP� were candidate factors previously established in the
TLR pathway andmore specifically involved in Il12b transcrip-
tion. However, macrophages lacking either factor show no dif-
ferences in IL-10-mediated inhibition of Il12b (supplemental
Fig. S2). Instead, we found that NFIL3, was up-regulated by
IL-10, bound to the Il12b enhancer, and repressed Il12b tran-
scription when overexpressed (Figs. 2–4).
Macrophages from NFIL3-deficient mice overproduced

IL-12p40 and, most importantly, had defects in the IL-10-me-
diated repression of IL-12p40 production (Fig. 5). These data
suggest that NFIL3 is a component of the IL-10 anti-inflamma-
tory signaling pathway. We found that LPS stimulation alone
inducedNFIL3 transcription (Fig. 2,A andC).We attribute this
effect to the production and autocrine-paracrine signaling of
endogenous IL-10 from LPS-stimulated bone marrow-derived
macrophages. Indeed, NFIL3 expression was ablated when we
stimulated STAT3-deficient BMDMs with LPS (Fig. 2C). By
contrast, thioglycolate-elicited peritoneal-derived macro-
phages produce lower amounts of IL-10 and hence exhibit little
or no induction of NFIL3 transcript following LPS stimulation
(Fig. 2B). Only when exogenous IL-10 is added to LPS-stimu-
lated PDMs is there an induction of NFIL3 (Fig. 2B). For this
reason, macrophages from Nfil3�/� mice have increased pro-
duction of IL-12p40 following LPS stimulation with or without
the addition of exogenous IL-10.
The effects of NFIL3 appear to be specific for Il12b because

we have not observed any defects in IL-6, TNF-�, or IL-1�

FIGURE 6. NFIL3 regulates systemic IL-12p40 levels in vivo. A, Nfil3�/� and
littermate WT controls were administered a sublethal LPS challenge (20
mg/kg), and serum IL-12p40 and IL-6 protein levels were detected by ELISA
at 4 and 18 h post-challenge. Data are presented as the individual serum
protein levels, including the means. B, Nfil3�/� and littermate WT controls
were infected with T. gondii. Serum IL-12p40, IFN-�, and IL-6 protein levels
were detected by ELISA 3 and 7 days post-infection. Data are presented as the
individual serum protein levels, including the means. Data are representative
of three independent experiments. *, p � 0.05 by Student’s t test.
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expression in TLR-stimulated Nfil3�/� macrophages. How-
ever, a recent publication has shown that IL-6, in addition to
IL-12p40, is disregulated in the absence of NFIL3 (54). Further
studies will be necessary to establish the full transcriptional
program regulated by NFIL3 in macrophages and the extent to
which IL-10 regulated NFIL3 diverges relative to other path-
ways. In this regard it is worth noting that the NFIL3-deficient
mice have recently been reported to multiple phenotypes,
including an absence of CD8� DCs, and defects in T cell cyto-
kine production in addition to the initially reported defects in
NK development (30, 46–48, 55, 56). Therefore, considerable
caution is warranted in the interpretation of whole animal
experiments meant to perturb immune responses.
The inhibitory effect of IL-10 on IL-12p40 expression forms a

key pathway of immunehomeostasis, especially in the intestine.
Mice lacking IL-10 suffer from a profound breakdown of intes-
tinal homeostasis driven by gut flora (57), and humans lacking
components of the IL-10R have an extreme form of intestinal
inflammation that can be relieved by bone marrow transplan-
tation (23). The source of IL-10 required to maintain normal
intestinal homeostasis is an active area of research and involves
multiple T cell subsets, including Tregs, and also myeloid cells
within the intestine (57). Because STAT3 is necessary and suf-
ficient for IL-10 signaling in macrophages, the phenotypic sim-
ilarity of intestinal disease in myeloid lineage-specific STAT3
conditional knockout mice was anticipated (51). However, a
detailed genetic investigation of the underlying driver cytokines
that promulgate intestinal disease in the myeloid-specific
STAT3 knockouts showed that loss of TLR-driven IL-12p40
but not TNF-� or IFN signaling could rescue the disease (25).
These insights, coupled with extensive investigation into the
effects of IL-10 on suppressing IL-12p40 argue that this regula-
tory pathway is central to restraining IL-12p40 and thereby
IL-12 and IL-23 production by activated myeloid cells.
It is worth noting that the production of IL-12 and IL-23 by

activated myeloid cells is regulated at different levels. First,
Il12b, Il23a, and Il12a are all controlled at the transcriptional
level by combinations of pathways activated by the TLR and
IFN signaling pathways (2). For example, Il12b expression after
TLR activation can increase hundreds-fold and requires differ-
ent transcription factors to assemble at the promoter and
enhancer (2, 33). Microbial compounds differentially induce
Il23a, including preferential activation by fungal cell walls,
accounting for the differential IL-23:IL-12 ratio observed in
response to fungal infection (38). A second major regulatory
layer controls the assembly of the heterodimers in the endo-
plasmic reticulum. Because IL-12p40 is made in excess to the
p19 and p35 subunits, the final production of mature IL-12 and
IL-23 is limited by the amount of partner p19 and p35. Such a
scenario is potentially another way to ensure that the correct
amounts of IL-12 and IL-23 are made. A variant in the coding
region of Il12b in SJL mice that enhances heterodimer forma-
tion in the endoplasmic reticulum has been discovered recently
(58). It is possible that the increased amounts of IL-12 and IL-23
made in SJLmice accounts for the susceptibility of this strain to
the trinitrobenzene sulfonic acid colitis model. In the case of
our in vitro experiments, we did not observe substantial effects
of the loss of NFIL3 on IL-23 amounts in in vitro experiments.

Further work on in vivo T cell polarization will be necessary to
establish whether NFIL3 has more complex effects on IL-12
and IL-23 beyond regulation of IL-12p40 amounts.
In summary, we have established that IL-10 regulates Il12b

transcription through inhibitory effects on a distal enhancer,
independent of the Il12b promoter. The underlying biochemi-
calmechanism of the inhibitory effect involved IL-10-mediated
expression of NFIL3, which targets the enhancer. Thus, NFIL3
is a key component of the STAT3-mediated anti-inflammatory
mechanism.
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